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J.  A.  Colony 
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Greenbelt,  Maryland 


INTRODUCTION 

The  critical  cleanliness  requirements  of  advanced  optical  experiments  (especially  ultraviolet 
optics)  and  other  types  of  detectors  demand  extreme  vigilance  during  fabrication,  handling, 
and  testing  to  ensure  proper  responses  and  the  production  of  reliable  data  duiing  launch 
and  flight  operations.  Mass  spectrometry  is  a  powerful  tool  for  organic  chemical  analysis 
and  is  used  frequently  in  aerospace  technology  to  identify  contamination  on  spaceciaft 
hardware,  to  verify  sources  of  this  contamination,  and  to  evaluate  materials  for  use  in  space 
and  test  environments. 

The  results  of  several  years  of  aerospace  analytical  work  using  mass  spectrometry  demonstrate 
that  a  number  of  specialized  techniques  for  sampling  and  analysis  are  required  to  obtain  good 
analytical  results.  Although  80  to  90  percent  of  contamination  problems  involve  100  or  less 
chemical  species,  the  majority  of  these  are  not  listed  in  standard  mass  spectral  reference 
sources.  This  document  brings  together  a  description  of  practical  analytical  procedures  with  an 
easy-to-use  collection  of  mass  spectral  patterns  commonly  encountered  in  aerospace  work. 

ANALYTICAL  APPARATUS 

Instrumental  requirements  for  a  comprehensive  analytical  facility  (figure  1)  include  a  low- 
resolution  mass  spectrometer  with  a  mass  range  at  least  up  to  700  with  unit  resolution.  The 
sample  input  facilities  should  include  a  direct-evaporation  solids  probe,  a  heated  gas  inlet 
with  reservoir  and  calibrated  leak,  a  liquid-evaporation  inlet,  and  a  coupled  gas  chromatograph 
(GC).  The  mass  spectrometer  should  be  capable  of  scanning  the  entire  mass  range  in  5  or  6 
seconds  without  loss  of  resolution  in  order  to  handle  GC  samples  adequately  and,  ideally, 
should  be  equipped  with  a  dedicated  minicomputer  for  data  accumulation,  storage,  and 
manipulation.  This  requirement  is  necessary  for  facilitating  timely  and  complete  interpreta¬ 
tion  of  the  enormous  amount  of  information  which  can  be  generated.  It  is  also  desirable 
to  have  an  integrator  on  the  GC  system  to  permit  quantitative  analysis  and  a  high-speed 
printer/plotter  for  outputting  data  rapidly  in  meaningful  form.  Descriptions  of  the  details 
of  theory  and  operation  of  these  instruments  can  be  found  in  References  1, 2,  and  3.  Other 
desirable  accessories  are  a  computer  library  and  an  oscilloscopic  data-display  unit. 


GAS  INLET 


Figure  1.  Analytical  mass  spectrometry  system. 
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Besides  the  mass-spectral  facility,  an  infrared  spectroscopy  capability  is  very  important  for 
providing  sample  screening  and  reinforcement  of  mass-spectral  findings.  As  in  any  analytic 
effort,  all  possible  sources  of  diagnostic  information  must  be  utilized. 

SAMPLING  TECHNIQUES 

In  analytical  chemistry,  it  is  important  to  obtain  a  representative  sample  that  is  not  altered 
or  comtaminated  by  the  sampling  technique  because  it  is  often  necessary  to  determine  the 
nature  of  a  contaminant  with  only  a  few  micrograms  of  material.  Extreme  care  must  be 
taken  in  such  cases  to  ensure  cleanliness  of  sampling  devices  (swabs,  beakers,  and  syringes) 
and  purity  of  the  solvents  used. 

One  of  the  most  effective  means  of  collecting  small  samples  of  contamination  from  space¬ 
craft,  experiment  modules,  or  test  facilities  is  by  wiping  with  a  dry  or  solvent-dampened 
cotton  swab,  followed  by  extraction  of  the  swab  in  the  laboratory.  However,  this  procedure 
requires  fastidious  adherence  to  strict  cleaning  procedures  and  control  of  experimentally- 
induced  background  contaminant  levels.  All  cotton,  cotton  swabs,  and  wiping  cloths  contain 
large  amounts  of  organic  impurities  (such  as  cottonseed  oil,  adhesives,  and  sizing  compounds) 
and  other  additives  which  must  be  completely  removed  before  the  item  is  suitable  for  sample- 
collection  use.  This  task  is  most  readily  accomplished  by  extraction,  using  a  Soxhlet 
Extractor.  An  effective  extraction  program  for  most  uses  includes  24-hour  cycling  with 
absolute  ethanol,  followed  by  6  hours  with  spectrograde  chloroform.  If  another  solvent  is 
to  be  used  for  sample  collection,  it  should  also  be  included  in  the  extraction  program.  After 
extraction,  the  swabs  should  be  dried  and  stored  in  a  noncontaminating  environment. 

Small  parts,  such  as  solid-state  devices,  mirrors,  and  bearings,  may  be  carried  to  the  laboratory 
where  the  contaminant  is  removed  by  rinsing  with  an  organic  solvent.  It  is  sometimes 
necessary  to  remove  very  small  samples  by  dissolving  them  in  a  drop  of  solvent  which  is  re¬ 
trieved  in  a  microsyringe  for  transport  to  the  laboratory.  Very  often  it  is  possible  to  remove 
solids  by  scraping  them  into  a  glass  container  or  noncontaminating  envelope.  It  is  important 
that  the  container  used  to  carry  the  sample  does  not  contribute  its  own  materials  to  the 
sample,  and  plastic  cap  liners,  plasticized  containers,  and  rubber  seals  or  gaskets  should  be 
avoided. 

Vaporization  and  condensation  of  marginally  volatile  materials  are  the  most  prevelant  pro¬ 
cesses  leading  to  spacecraft  contamination  in  thermal-vacuum  test  chambers  and  in  flight. 

The  extent  and  nature  of  these  outgassing  and  condensing  processes  is  most  readily  deter¬ 
mined  by  the  use  of  liquid-nitrogen-cooled  cold  fingers  installed  in  vacuum  test  chambers 
and  operated  during  testing  of  flight  hardware.  These  devices  allow  collection  of  the  con-, 
densables  emanating  from  the  spacecraft  or  test  equipment  which  might  comprise  contamina¬ 
tion.  Mass-spectral  analysis  of  these  residues,  along  with  examination  of  hardware  and  test 
equipment,  usually  leads  to  identification  of  contamination  sources. 

An  extensive  program  designed  to  reduce  the  incidence  of  outgassing  problems  in  all  Goddard 
projects  is  carried  out  by  the  Materials  Engineering  Branch  (MEB).  Through  this  program, 
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thousands  of  materials  have  been  subjected  to  a  standard  outgassing  test,  and  from  it,  mini¬ 
mum  standards  have  been  designated  that  all  materials  must  meet  before  being  approved  for 
spaceflight  use  (Reference  4).  The  MEB  material  engineers  work  with  project  scientists  in 
attempting  to  eliminate  all  potential  high-outgassing  materials  from  spacecraft  components. 

ANALYTICAL  TECHNIQUES 

Standard  operating  techniques  for  mass  spectrometry  are  well  covered  in  various  texts  (Ref¬ 
erences  1 , 2,  and  3)  and  in  the  instrument  manuals  and  publications  supplied  with  each  mass 
spectrometer  system.  Therefore,  only  a  few  specialized  procedures  and  concepts  relating  to 
aerospace  analyses  will  be  mentioned  here. 

Sample  handling  procedure  is  determined  by  a  variety  of  considerations,  including  the 
amount,  physical  state,  purity  or  complexity,  vapor  pressure,  polarity,  and  thermal  stability 
of  the  sample.  Before  beginning  an  analysis,  it  is  desirable  to  determine  how  much  informa¬ 
tion  is  required  and  what  the  aim  of  the  analysis  should  be.  For  example,  if  a  sample  of 
lubricant  is  submitted  for  determining  whether  the  proper  type  was  used,  it  is  unnecessary 
to  run  a  complete  gas-chromatograph/mass-spectrometer  (GC/MS)  analysis  to  identify  the 
type  of  lubricant  and  the  additives,  impurities,  and  isomeric  species.  In  fact,  it  probably 
would  be  sufficient  to  run  only  an  infrared  spectrum  and  a  GC  analysis  with  no  mass  spec¬ 
trometry  at  all. 

The  greatest  utility  of  the  GC/MS  combination  in  aerospace  analysis  is  with  samples  of 
vacuum-condensed  residue.  The  greatest  proportion  of  these  residues  are  susceptible  to  gas- 
chromatographic  separation  because  they  are  readily  volatile  under  GC  conditions  and  are 
generally  soluble  in  common  organic  solvents.  In  addition,  these  residues  are  usually  com¬ 
plex  mixtures  of  50  or  more  separable  entities  and  cannot  be  identified  easily  in  any  batch- 
type  technique.  The  exact  chromatographic  conditions,  such  as  column  length,  sample 
size,  and  flow  rate,  are  determined  by  the  requirements  of  the  particular  mass  spectrometer 
and  separator  system.  However,  successful  separation  of  vacuum-condensable  mixtures 
requires  the  use  of  a  stable  high-temperature  column  packing  with  a  low-bleed  rate,  such 
as  OV-1 7  or  Dexsil  300  GC.  If  the  column  can  separate  compounds  such  as  decyl  phthal- 
ates  and  tricresyl  phosphates,  it  will  be  suitable  for  most  vacuum-condensable  mixtures. 

When  a  GC/MS  analysis  has  been  completed,  the  results  should  be  reconciled  with  the  find¬ 
ings  of  the  infrared  spectrum  of  the  mixture.  If  the  infrared  shows  additional  species,  such 
as  amines  or  acids  (which  might  not  pass  through  the  chromatograph),  the  sample  should 
be  run  again  in  the  direct  probe.  Subtraction  of  mass-spectral  peaks  obtained  in  the  GC/MS 
run  from  those  of  the  mixture  in  the  direct-probe  run  can  often  lead  to  identification  of  the 
additional  materials. 

Successful  identification  of  many  classes  of  aerospace  materials  depends  on  the  skillful  oper¬ 
ation  of  the  direct-probe  inlet  on  the  mass  spectrometer.  This  inlet  can  be  used  to  analyze 
low-volatility  liquids,  such  as  heavy  oils,  waxes,  and  greases,  as  well  as  solids.  If  the  probe 
can  be  heated  to  723  to  773  K,  most  polymeric  materials  can  be  volatilized  sufficiently  for 


4 


identification.  Optimum  results  are  obtained  by  careful  control  of  the  heating  rate— an  art 
learned  only  by  experience.  The  aim  should  be  to  heat  fast  enough  to  get  sufficient  partial 
pressures  for  identification  and  slow  enough  to  get  fractionation  of  multicomponent  materi¬ 
als.  It  is  mandatory  to  limit  the  size  of  the  sample  so  that  the  operating  pressure  of  the 
system  is  not  exceeded  and  the  length  of  time  required  to  volatilize  the  sample  is  not  ex¬ 
cessive.  The  direct-inlet  system  is  the  most  sensitive  because  all  of  the  sample  reaches  the 
analyzer  tube.  Thus,  it  is  often  the  only  method  available  for  obtaining  information  about 
very  small  samples,  such  as  those  visible  only  under  the  microscope. 

Analyses  of  gases  and  gas  mixtures  are  often  required  in  connection  with  spark-chamber  or 
detector  atmospheres  or  propellants  for  rocket  motors  and  thrusters.  These  can  usually  be 
studied  by  using  the  standard  gas-inlet  system  which  includes  a  filling  manifold,  a  heated 
reservoir,  and  a  controlled  leak  into  the  mass  spectrometer.  With  appropriate  references, 
a  mixture  can  usually  be  identified  both  qualitatively  and  quantitatively.  However,  if  small 
impurities  must  be  identified,  the  gas  chromatograph  should  be  used. 

Another  use  of  the  mass  spectrometer  is  to  obtain  outgassing  profiles  of  materials.  This  can 
be  accomplished  either  by  programmed  heating  of  the  material  in  the  liquid  inlet,  followed 
by  bleeding  outgassed  products  through  the  controlled  leak,  or  by  calibrated  use  of  the 
direct  probe.  In  either  case,  the  result  is  partial  pressure  output,  indicating  the  rate  of  total 
outgassing  (on  the  total-ion  monitor),  as  well  as  identification  of  outgassed  materials.  Re¬ 
lating  of  results  obtained  by  these  procedures  to  standard  outgassing  test  results  is  dependent 
on  various  parameters,  such  as  pumping  speed  and  throughput  of  the  system,  temperature 
control,  and  precision  of  sample  size.  At  best,  this  relation  can  be  established  in  a  semi- 
quantitative  fashion. 

MASS-SPECTRAL  INTERPRETATION 

Before  interpretation  of  the  spectra  from  a  sample  begins,  it  is  desirable  to  consider  the 
quality  of  those  spectra  because  the  interpretation  can  be  no  better  than  the  quality  of  the 
spectra  permits.  Spectra  usually  may  be  improved  by  using  computer  operations  such  as 
spectrum  averaging  and  background  subtraction.  It  is  sometimes  possible  to  eliminate  peaks 
from  impurities  by  raising  thresholds;  at  other  times,  it  is  desirable  to  increase  the  abundance 
of  high-mass  peaks  by  weighted  multiplication.  When  mixtures  are  run  in  the  solids  probe, 
it  is  often  possible  to  subtract  spectra  obtained  at  one  temperature  from  those  at  a  higher 
or  lower  temperature  to  obtain  a  useful  spectrum  for  identification.  Also,  if  mixture  spectra 
have  been  obtained  and  one  or  more  components  are  known,  spectra  for  these  components 
may  be  subtracted  peak  for  peak  from  the  total  spectrum.  Other  specialized  data  transfor¬ 
mations  can  be  made  as  the  particular  situation  dictates. 

If  a  good  spectrum  of  a  pure  compound  has  been  obtained,  the  material  can  be  identified 
on  theoretical  grounds.  The  techniques  for  this  operation  are  detailed  explicitly  by 
McLafferty  (Reference  5).  Spectral  information,  such  as  isotopic  abundance,  parent-peak 
identification,  even  and  odd  electron  ions,  neutral  losses,  and  metastable  ions,  is  combined 
to  yield  structural  identification. 
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In  the  usual  and  more  realistic  cases  of  mass-spectral  analysis,  neither  sufficiently  good 
spectra  nor  available  time  exist  for  the  theoretical  approach.  The  “fingerprint  comparison” 
method  must  then  be  used,  which  requires  that  the  mass  spectrum  has  been  obtained  pre¬ 
viously  and  is  on  file.  The  most  successful  method  for  fingerprint  comparison  involves  the 
memory  and  experience  of  the  mass  spectrometrist.  However,  when  this  method  fails,  a 
reference  library  must  be  consulted.  This  information  is  available  in  either  published 
reference  books  (References  6,  7,  and  8)  or  computer  data  banks  (References  9  and  10). 

Data  in  reference  books  may  be  arranged  either  according  to  molecular  weight  or  by  the  six 
or  ten  most-abundant  mass  peaks. 

Cataloging  by  molecular  weight  is  of  limited  value  because  it  requires  that  the  parent  peak 
be  known,  which  is  very  often  not  the  case.  Although  serial  arrangements  by  most-abundant 
species  are  the  most  efficient  to  use,  they  present  another  disadvantage.  For  many  classes 
of  compounds,  the  most-abundant  species  in  the  spectrum  have  little  structural  significance; 
therefore,  positive  identification  cannot  be  made  from  these  references  alone.  Computer 
data-bank  searches  usually  use  either  of  two  approaches  which  tend  to  nullify  the  disadvan¬ 
tages  of  the  printed  references.  In  the  first  of  these,  the  entire  spectrum  is  divided  into  a 
number  of  smaller  intervals  (14  masses  per  interval  or  20  masses  per  interval,  etc.),  and  the 
two  or  three  largest  peaks  in  each  interval  are  retained  and  compared  to  those  of  the  un¬ 
known.  This  system  has  the  advantage  of  retaining  the  most-abundant  peaks  in  the  spectrum, 
as  well  as  the  most  structurally  significant  peaks.  A  similarity  index  is  then  given  depending 
on  the  percentage  of  matches  in  the  reduced  spectra.  The  major  disadvantage  of  this  sys¬ 
tem  is  the  fact  that  the  intensity  of  the  spectra  becomes  very  important  in  determining  the 
value  of  the  similarity  index.  Thus,  a  weak  spectrum  and  a  strong  spectrum  of  the  same 
material  may  show  very  poor  correlation. 

The  second  computer  approach  involves  interactive  communications  between  the  analyst 
and  the  data  bank.  The  analyst  enters  the  mass  and  intensity  range  of  a  peak,  and  the  com¬ 
puter  responds  with  the  number  of  references  on  file  that  have  that  combination.  Entering 
a  large  peak  and  three  or  four  structurally  significant  peaks  is  usually  enough  to  identify  a 
compound  if  it  is  contained  in  the  data  bank. 

Unfortunately,  a  large  percentage  of  the  materials  which  the  aerospace  analyst  must  identify 
are  not  included  in  any  of  the  available  mass-spectral  data  filing  systems.  To  alleviate  this 
problem,  a  listing  of  spectra  obtained  over  a  period  of  years  at  Goddard  Space  Flight  Center 
has  been  included  as  an  appendix  to  this  report.  The  format  for  this  data  is  intended  to 
combine  both  the  largest-peaks  system  and  the  structurally  significant-peaks  requirement. 
Although  this  format  is  admittedly  quite  subjective,  it  is  designed  to  aid  in  efficient  and 
rapid  identifications. 

MASS-SPECTRAL  INDEXING  OF  AEROSPACE  MATERIALS 

Experience  has  shown  the  need  for  a  ready-reference  indexing  method  similar  to  the  one 
presented  here  and  that  of  the  Appendix,  Mass-Spectral  Index  of  Aerospace  Materials.  The 
spectra  are  ordered  according  to  the  mass  (M/E)  of  the  most  intense  peak  in  the  spectrum. 
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The  next  four  most  intense  peaks  are  given,  along  with  their  relative  abundances  (RA), 
expressed  in  percent  of  the  base  peak  (100-percent  peak).  Because  the  strongest  peaks  in  the 
spectrum  often  contribute  relatively  little  structural  information  (as  in  the  case  of  aliphatic 
hydrocarbons),  an  additional  listing  has  been  included  of  up  to  four  structurally  significant 
peaks  and  their  relative  abundances.  These  peaks  were  chosen  by  an  arbitrary  and  subjective 
consideration  of  each  individual  spectrum  and  the  factors  required  for  its  identification.  In 
some  cases,  the  most  intense  peaks  provide  sufficient  structural  information,  and  no  fuither 
masses  are  listed. 

As  an  example  of  the  use  of  this  indexing  method,  consider  the  following  entry  for  the 
common  plasticizer,  di-  (2  ethyl  hexyl)  phthalate  (DEHP). 

M/E  M/E,RA  M/E,RA  M/E,RA  M/E,RA  M/E,RA  M/E,RA  M/E,RA  M/E,RA 

149  167-88  57-72  70-66  55-58  112-32  113-34  279-40 

In  this  example,  149  is  the  base  peak  (most  intense  peak),  with  the  next  four  peaks  and 
their  relative  abundances  directly  following.  These  five  peaks  are  sufficient  for  identifying 
the  compound  as  an  aliphatic  ester  of  phthalic  acid.  However,  the  next  three  peaks  are 
required  for  differentiating  the  octyl  phthalate  from  hexyl,  decyl,  tridecyl,  or  mixed  esters. 

The  names  of  materials  included  in  this  index  and  corresponding  to  the  various  spectra,  lange 
from  pure  chemical  compounds  to  generic-name  materials  to  brand-name  products.  Associa¬ 
tion  of  a  spectrum  with  a  material  implies  only  that  the  analyzed  product  may  have  originated 
from  that  material.  Because  many  products  are  complex  mixtures,  several  diffeient  and 
distinct  mass-spectral  patterns  are  possible  from  the  same  material.  For  example,  the  out- 
gassed  part  of  a  product  (vacuum-condensable  material  (VCM))  may  be  different  from  the 
solvent-extractable  part,  and  both  may  be  different  from  the  bulk  of  the  material.  However, 
each  of  these  might  be  designated  under  the  original  product  name.  In  actual  practice, 
especially  when  a  contaminant  is  being  analyzed,  it  is  often  more  important  to  identify 
possible  sources  rather  than  unique  chemical  structures.  Thus,  this  index  of  spectra  was 
prepared  to  provide  some  clue  to  contaminant  origin  in  the  maximum  number  of  cases. 

As  a  final  note  on  analysis,  it  must  be  reemphasized  that,  for  pioper  identification,  all 
pertinent  information  about  a  sample  must  be  considered.  Its  physical  properties,  history, 
source,  and  infrared  spectra  are  all  important  aids  to  the  analyst.  Successful  mass-spectral 
identification  usually  involves  a  hybrid  combination  of  all  this  available  information  in  order 
to  respond  with  useful  and  timely  answers  to  problems. 

Goddard  Space  Flight  Center 

National  Aeronautics  and  Space  Administration 
Greenbelt,  Maryland  April  27, 1976 
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M/E  is  mass  to  charge  ratio  and  R  A  is  relative  abundance  of  that  peak  in  percent  of  base  peak  (strongest  peak). 
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M/E  is  mass  to  charge  ratio  and  RA  is  relative  abundance  of  that  peak  in  percent  of  base  peak  (strongest  peak). 
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M/E  is  mass  to  charge  ratio  and  RA  is  relative  abundance  of  that  peak  in  percent  of  base  peak  {strongest  peak). 
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— National  Aeronautics  and  Space  Act  of  1958 


NASA  SCIENTIFIC  AND  TECHNICAL  PUBLICATIONS 


TECHNICAL  REPORTS:  Scientific  and 
technical  information  considered  important, 
complete,  and  a  lasting  contribution  to  existing 
knowledge. 

TECHNICAL  NOTES:  Information  less  broad 
in  scope  but  nevertheless  of  importance  as  a 
contribution  to  existing  knowledge. 

TECHNICAL  MEMORANDUMS: 
Information  receiving  limited  distribution 
because  of  preliminary  data,  security  classifica¬ 
tion,  or  other  reasons.  Also  includes  conference 
proceedings  with  either  limited  or  unlimited 
distribution. 

CONTRACTOR  REPORTS:  Scientific  and 
technical  information  generated  under  a  NASA 
contract  or  grant  and  considered  an  important 
contribution  to  existing  knowledge. 


TECHNICAL  TRANSLATIONS:  Information 
published  in  a  foreign  language  considered 
to  merit  NASA  distribution  in  English. 

SPECIAL  PUBLICATIONS:  Information 
derived  from  or  of  value  to  NASA  activities. 
Publications  include  final  reports  of  major 
projects,  monographs,  data  compilations, 
handbooks,  sourcebooks,  and  special 
bibliographies. 

TECHNOLOGY  UTILIZATION 
PUBLICATIONS:  Information  on  technology 
used  by  NASA  that  may  be  of  particular 
interest  in  commercial  and  other  non-aerospace 
applications.  Publications  include  Tech  Briefs, 
Technology  Utilization  Reports  and 
Technology  Surveys. 


Details  on  the  availability  of  these  publications  may  be  obtained  from : 

SCIENTIFIC  AND  TECHNICAL  INFORMATION  OFFICE 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

Washington,  D.C.  20546 


